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ABSTRACT OF DISSERTATION

INVESTIGATION OF TRANSITION-METAL IONS IN THE NICKEL-RICH
LAYERED POSITIVE ELECTRODE MATERIALS FOR LITHIUM-ION BATTERIES
Layered lithium transition-metal oxides (LMOs) are used as the positive electrode
material in rechargeable lithium-ion batteries. Because transition metals undergo redox
reactions when lithium ions intercalate in and disintercalate from the lattice, the selection
and composition of transition metals largely influence the electrochemical performance of
LMOs. Recently, a Ni-rich compound, LiNi0.8Co0.1Mn0.1O2 (NCM811), has drawn much
attention. It is expected to replace its state-of-the-art cousins, LiCoO2 (LCO) and
LiNi1/3Co1/3Mn1/3O2 (NCM111), because of its higher capacity, lower cost, and reduced
toxicity. However, the excess Ni, as a transition-metal element in NCM811, can cause
structural and cycling instability.
Starting from NCM811, I modified the composition of transition metals by two
approaches: 1) introducing cobalt deficiency and 2) substituting Ni, Co, and Mn with Zr.
Their influences on the phase, structure, cycling performance, rate capability, and ionic
transport were investigated by a variety of characterization techniques. I found that cobalt
non-stoichiometry can suppress Ni2+/Li+ cation mixing, but simultaneously promotes the
formation of oxygen vacancies, leading to rapid capacity fade and inferior rate capability
compared to pristine NCM811. On the other hand, Zr can reside on and expand the lattice
of NCM811, and form Li-rich lithium zirconates on their surfaces. In particular, 1% Zr
substitution can increase the stability of NCM811 and facilitate Li-ion transport, resulting
in enhanced cycling durability and high-rate performance. My studies help improve the
understanding of the effects of transition metals on the degradation of the Ni-rich layered
positive electrode material and provide modification strategies to enhance its performance
and durability for Li-ion battery applications.
KEYWORDS: Li-ion Batteries, Positive Electrode, Layered Lithium Transition-Metal
Oxides, Cobalt Deficiency, Zirconium Modification
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CHAPTER 1. INTRODUCTION
1.1

Background and Rationale
As the predominant energy resource since the first industrial revolution, fossil fuels

have powered our industry, agriculture, household, and transportation for centuries.
However, people in the 21st century have learned more about their drawbacks including
limited storage, poor recyclability, and polluting byproducts. Researchers have dedicated
to developing sustainable energy systems, producing electricity from hydro, solar, wind,
tidal, and nuclear instead of fossil fuels. These renewable energy supplies usually fluctuate
in both space and time; thus, the produced electricity should be firstly stored and then
distributed to consumers stably over time. Therefore, batteries, as the energy storage units,
are critical to the new-generation energy system. In addition, governments and the
automobile industry are seeking to replace the internal combustion engine by the battery in
vehicles, in the hope of reducing the air pollutant, especially for cities that suffer from the
automobile exhaust for decades.
Rechargeable lithium-ion batteries (LIBs) are becoming the power sources for both
grid energy storage and electric vehicles (EVs) because of their combined high energy and
power densities.1-2 However, the industries and consumers expect LIBs to possess higher
energy density, better durability, and fast charging capability; but to be lighter, smaller,
safer, and cheaper. In the annual report of 2017, the U.S. Department of Energy (DOE) set
the target for battery chemistry and cell technologies that can reduce the cost of EV
batteries to less than $100/kWh, ultimately $80/kWh, increase the range to 300 miles, and
decrease charge time to 15 minutes or less.3 These requirements largely depend on the
electrode materials of LIBs. For the positive electrodes, LiCoO2 (LCO) and
LiNi1/3Co1/3Mn1/3 (NCM111) have achieved great success in powering portable devices,
such as mobile phones, laptop computers, and tablets.4-5 However, their relatively low
capacity and high price impede their applications in large-scale and high-energy areas.1-2, 6
LCO and NCM111 belong to the family of layered lithium metal oxides. The
electrochemical performance of such compounds varies with changing the metal-element
composition. Researchers found that the layered transition-metal oxides with high nickel
concentration had enhanced capacities.7-9 In addition, replacing Co by Ni can reduce the

cost and toxicity. LiNi0.8Co0.1Mn0.1O2 (NCM811), a typical Ni-rich layered electrode, can
deliver 200 mAh/g approximately of the discharge capacity, which is around 30% higher
than that of NCM111. Nonetheless, high Ni content can damage the structural stability and
cycling durability of NCM811.10-13 To enable NCM811’s high capacity in the commercial
applications, researchers have been studying the degradation mechanism and developing
practical modification strategies.
Inspired by the previous studies, this dissertation further investigates the influence
of transition-metal composition on the Ni-rich layered NCM811. I introduce Co deficiency
and Zr substitution to NCM811, discuss their effects on NCM811’s structure, surface
chemistry, and electrochemical performance in detail, and provide new understandings
towards the promising positive electrode for LIBs.

1.2

Rechargeable Lithium-Ion Batteries
Rechargeable LIBs store chemical energy in positive and negative electrodes,1-2, 4,

6, 14-15

between which the chemical potential difference determines the voltage of a cell.

The amount of Li-ion (de)intercalating in each electrode conveys the cell capacity. A
porous separator filled with electrolyte, usually a Li-salt organic solution, enables Li+
transfer but blocks electrons. As illustrated in Figure 1.1, Li ions are reduced to be Li atoms
in the negative electrode during charging. Driven by the applied potential, Li ions move
from the positive electrode to the negative through the electrolyte. Meanwhile, electrons
are transferred in the same direction via the external circuit, and the cations in the positive
electrode are oxidized. By this way, a LIB converts and stores energy from the external
power source. A reverse process occurs during discharging converting the chemical energy
stored to electrical energy and heat.
The energy density of a battery system is the product of voltage and capacity, which
depends on electrode materials largely. Figure 1.2 comprehensively demonstrates the
average electrode potential against experimental (for negative electrodes and intercalation
positive electrodes) or theoretical (for conversion positive electrodes) capacity. 2 Though
conversion positive electrodes, such as sulfur, possess an extremely high theoretical
capacity, the safety and fabrication issues limit their applications. 2, 16-17 By comparison,
intercalation positive electrode materials have been commercialized successfully since
2

1990s, and been widely studied over the past three decades.4-5,

18-36

However, their

capacities are lower than that of the negative electrodes, such as graphite, metal oxides,
and silicon. Clearly, the capacity of positive electrode is a bottleneck towards higher energy
density. Developing new positive electrode materials and understanding the degradation
mechanisms are critical to realizing high-energy LIBs.

Figure 1.1 Schematic illustration of the basic structure of a LIB along with the charge
transport mechanism during (a) charging and (b) discharging.37

3

Figure 1.2 Approximate range of average discharge potentials and specific capacity of the
common (a) intercalation-type positive electrodes (experimental), (b) conversion-type
positive electrodes (theoretical), (c) conversion type anodes (experimental), and (d) an
overview of the average discharge potentials and specific capacities for all types of
electrodes.2
1.3

Positive Electrode Materials of Lithium-Ion Batteries
The dawn of intercalation cathode materials appeared in the 1970s when a variety

of layered dichalcogenides were found as the host materials undergoing ionic intercalation
reactions electrochemically.38-39 TiS2 developed by Whittingham et al. is capable to deliver
480 Wh/kg of specific energy density with an operation voltage < 2.5 V versus Li/Li+.
Although it was briefly commercialized by Exxon,4, 39-40 the dichalcogenides electrodes
were soon replaced by transition-metal (TM) oxides and polyanion compounds because of
the higher electrochemical potentials of the successors.
The typical crystal structures of intercalation positive electrode materials are
layered, spinel, and olivine, as shown in Figure 1.3 schematically.2, 41 The corresponding
specific capacities are summarized in Table 1.1. 2, 42

4

Figure 1.3 Crystal structure of the three Li-insertion compounds in which the Li ions are
mobile through the 2-D (layered), 3-D (spinel) and 1-D (olivine) frameworks.41
Table 1.1 Characteristics of representative intercalation positive electrode compounds. 2, 42
Compound

Specific capacity/mAh·g-1
(Theoretical/experimental)

Average
voltage/V

LiTiS2
LiCoO2
LiNi1/3Co1/3Mn1/3O2

225/210
274/148
280/160

1.9
3.8
3.7

Li0.8Co0.15Al0.05O2

279/199

3.7

Spinel

LiMn2O4
LiNi0.5Mn1.5O4

148/120
147/128

4.1
4.3

Olivine

LiFePO4

170/165

3.4

Crystal
structure

Layered

LiCoO2 (LCO) is the first layered transition-metal oxide achieving commercial
success.4,

22, 24

It was introduced by Goodenough et al. in the 1980s and soon

commercialized by Sony Co. The LCO crystal is in the α-NaFeO2 structure (Space group:
R3̅m) with close-packed O2- ions in a cubic arrangement, where TM and Li ions occupy
the octahedral sites. The layers of TM and Li ions stack alternately along [111] direction
with the sequence of ABCABC… (Figure 1.4a) forming a hexagonal symmetry. 9, 43 It
provides a specific capacity as high as 145 mAh/g with a high average voltage and good
cycling durability, however, LCO is expensive, thermally unstable, and fast fading at highrate current and deep charging.24, 44-45 The expensiveness of LCO results from the low
5

availability of Co. Thermal runaway and oxygen release may happen when LCO works at
high temperature, causing safety issues such as flame and explosion.24, 43, 46-48 When the
depth of delithiation reaches 50%, Li1-xCoO2 (x ≥ 0.5) will form a monoclinic symmetry
irreversibly,49 leading to a loss of active Li+ sites, and, consequently, a capacity
degradation.

Figure 1.4 Illustration of the ordered and disordered phase in layered lithium metal oxides
and their structural transformation. (a) Well-ordered 𝑅3̅𝑚 structure; (b) Cation mixing
phase with Fm-3m structure; (c) 𝑅3̅𝑚 structure with Li vacancies in highly charged state;
and (d) Partially cation mixed phase with TM ions in Li slab.9
LiNiO2 (LNO) is isostructural with LCO. Although it has a high theoretical capacity
of 275 mAh/g and Ni is much cheaper than Co, it is far from a practical positive electrode
material. The pure phase LNO is difficult to synthesize and is unstable during cycling,23-24,
50-52

because Ni2+ ions prefer to occupy the Li-ion sites during synthesis and delithiation,

blocking the Li-ion diffusion path.52-54 The migration of Ni2+ to Li+ sites is known as cation
disordering or cation mixing. In addition, the Jahn-Teller distortion (tetragonal distortion)
associated with Ni3+ is thermodynamically favorable. It can trigger irreversible phase
transformation during lithiation and delithiation.51,

55

Lastly, the exothermic release of

oxygen of LNO is worse than that of LCO, therefore, giving rise to a major safety concern.4,
24

The layered LiMnO2 (layered-LMO) has a higher theoretical capacity (285 mAh/g)
than LCO and LNO,56 and is more cost-effective and environmentally friendly. However,
the hexagonal crystal structure of layered LiMnO2 (layered LMO), more complex than that
of LCO and LNO,25, 57 is thermodynamically unstable. It is prone to form an orthorhombic
or monoclinic symmetrical phase and change into a spinel-like structure during Li
6

extraction, resulting in a capacity fade. Moreover, Mn dissolution occurs when the
disproportionation reaction undergoes 2Mn3+ → Mn4+ + Mn2+. Such dissolution is
observed in all Mn-contained positive electrode materials. It will damage the stability of
solid-electrolyte interphase (SEI) on the negative electrode. 33, 58-59
LiMn2O4 was originally reported by Thackeray et al. as a spinel-type positive
electrode material in the Fd3m space group.60-61 As shown in Figure 1.3b, O2- ions form a
cubic closed-packed sub-lattice, where Li ions and Mn ions occupy tetrahedral (8a) and
octahedral (16d) sites, respectively. The lattice offers a three-dimensional network for Li+
diffusion, in contrast to the two-dimensional planes in the α-NaFeO2 layered structure. The
spinel LMOs were the center of interests for the hybrid EVs in the early 2000s,4, 62-63 due
to the high operating voltage (≥ 4.3 V) and that, Mn is abundant and environmentally
benign. However, the low capacity (theoretically 148 mAh/g) and poor cyclability limit
their applications. The side reaction accompanying oxygen loss and Mn dissolution occurs
during electrochemical cycling, irreversibly forming a tetragonal Li2Mn2O4 phase,
especially at high voltage and high discharging-rate, being responsible for the capacity
loss.4, 25, 63 To address this problem, partial Ni substitution has been applied. LiMn1.5Ni0.5O4
(LMNO) is the most common composition. LMNO deliveries a higher capacity and a better
cyclability than spinel LMO.42, 64-65 In addition, partially doping Ni with Co can suppress
the formation of LixNi1-xO2, further increasing the capacity retention.
Olivine-type LiFePO4 (LFP) is a state-of-the-art polyanion positive electrode
materials with 170 mAh/g in theoretical capacity.5, 35 The crystal structure of LFP has an
orthorhombic symmetry in the Pnma space group. O2- ions form a hexagonal close-packed
framework, in which P ions occupy one-eighth of the tetrahedral sites. With Li+ and Fe2+
occupying the octahedral sites, the Li+ composes a one-dimensional chain along the [010]
direction. The crystal structure is stabilized by large PO4 3- polyanion, resulting in an
excellent thermal and cycling stability.41 The rich availability, low toxicity, and lightweight
of Fe and P make LFP attractive and promising. Its major drawbacks are the relatively low
potential and inadequate electrical and ionic conductivity. 2, 66 The primary modification
methods are 1) partially substituting Fe with other TM elements, such as Ni, Mn, Co, and
V, and 2) doping O with F.67-73

7

1.4

Layered Mixed-Transition-Metal Oxides
Among the positive electrode materials aforementioned, layered compounds with

mono-transition-metal cations, including LCO, LNO, and layered-LMO, possess the
highest theoretical specific capacity, but they are limited by the respective shortcomings.
Researchers soon found that two or more TM elements could co-exist in the TM layer of
the layered structure. The so-called layered lithium mixed-transition-metal oxides can
improve the structure stability, thermal stability, electronic/ionic conductivity, and
accessible capacity, compared with their mono-TM counterparts.2, 4, 8, 41, 64 Many lithium
mixed-transition-metal oxides can be derived from a mono-TM compound by substituting
with other TM elements; Ni, Co, and Mn are the most commonly used candidates. In
addition, the mixed-TM compound can be treated as a solid solution consisting of multiple
lithium mono-TM oxides. A triangle compositional phase diagram is shown in Figure 1.5
in which the vertexes are LCO, LNO, and LMO; the three sides of the triangle depict the
solid solutions of LNO-LCO, LMO-LCO, and LNO-LMO, respectively.8

Figure 1.5 Triangle compositional phase diagram of lithium-stoichiometric layered
transition metal oxides.8
1.4.1

Binary-Transition-Metal Compounds

LiNi1-yCoyO2 (LNO-LCO) was originally studied by the Delmas group74-76 and
Zhecheva et al.77 In these compounds, the Co substitution improves the ordering of the
layered structure by suppressing the migration of Ni2+ to Li+ sites. It also offers more
8

thermal stability and less oxygen release than the original LNO.78-81 The O3-type layered
structure of LiNi1-yCoyO2 can be maintained through deep Li extraction, for example, x <
0.7 for Li1-xNi0.85Co0.15O2, which enables 180 mAh/g of the reversible capacity against 140
mAh/g of LiCoO2 with 50% Li extraction.82-83 While the LNO-LCO system is miscible,
Caurant et al. demonstrates that LiNi0.8Co0.2O2 can achieve the best electrochemical
performance among the family of LiNi1-yCoyO2.80 Adding the redox-inactive elements,
such as Al and Mg, can stabilize the positive electrode materials structurally and thermally.
LiNi0.8Co0.15Al0.05O2, known as NCA, is commercially successful as a positive electrode
material in LIBs. It is widely applied in hybrid (HEV), plug-in hybrid (PHEV) and fully
electric (EV) vehicles.84-86
LiCo1-yMnyO2 (LCO-LMO) is attractive due to the cost effectiveness and
environmental friendliness arisen from Mn substitution in LCO. Based on the studies
conducted by Armstrong et al. and Stoyanova et al., a stable α-NaFeO2-type layered
structure in the hexagonal symmetry can only occur when y ≤ 0.2.87-90 Cubic and tetragonal
lattices will take place when 0.2 < y ≤ 0.7 and y > 0.7, respectively. LiCo0.8Mn0.2O2 can
reach the specific capacity of 134 mAh/g, where the Mn3+/Mn4+ is the primary redox pair
offering a quasi-flat plateau at above 3.85 V, and the oxidation of Co3+ will be involved at
a voltage higher than 4.0 V.91 However, the Jahn-Teller distortion associated with Mn3+
facilitates the local tetragonal distortion and leads to the poor cycling performance.88 The
low practical capacity and intrinsic phase instability preclude LiCo1-yMnyO2 from a
candidate for commercial LIBs.
Investigated by Dahn et al. and Ohzuku et al., the maximum solubility of LMO in
LNO is 0.5 while maintaining the stable layered structure.92-94 Therefore, LiNi1-yMnyO2 (y
≤ 0.5) can be treated as a solid solution of LiNiO 2 and LiNi0.5Mn0.5O2. LiNi0.5Mn0.5O2 is
the best-performing composition, which can deliver 200 mAh/g reversibly referring to lowcurrent-density cycling between 2.5 and 4.5 V.93, 95 It is more thermally stable than the
mono-TM competitors such as LCO and LNO. Ni is the predominant ion involving in the
redox reaction, while Mn remains in tetravalent state. Without Mn3+, Jahn-Teller distortion
is avoided. In contrast, rock-salt distorted domains occur during electrochemical cycling,
due to the cation mixing of Ni2+/Li+, which blocks the diffusion path and reduces the
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number of active sites for Li ions. Therefore, cation mixing is a major problem that causes
poor rate capability and low capacity retention of LiNi0.5Mn0.5O2.96-102
1.4.2

Ternary-Transition-Metal Compounds

Since the binary-TM compounds possess the superior structural and thermal
stability, and thereafter better cycling performance, it is natural to anticipate that the ternary
system containing Ni, Co, and Mn, could be more promising. Every stoichiometric LiNi1x-yCoxMnyO2

(as called NCM or NMC) may be represented by a point in the ternary phase

diagram shown in Figure 1.5. The layered NCM is isostructural with LCO having the αNaFeO2-type structure in R3̅m symmetry. The TM ions can randomly occupy the
octahedral sites in alternating layers through the close-packed cubic of O2- ions. The NMC
electrode materials combine the advantages of the high capacity of LNO, good rate
performance of LCO, and stabilizing effect of Mn4+.2, 4, 8, 41, 103 The main electrochemical
active element in NCMs is Ni; Co takes part in the redox reaction only at high potential
region; Mn is inactive during the electrochemical process, but it stabilizes the layered
structure.
The layered lithium ternary-transition-metal oxides were firstly reported by Liu et
al. in 1999 and Yoshio et al.27-28 in 2000. They studied LiNi1-x-yCoxMnyO2 and found that
substituting Ni partially with Co and Mn could stabilize the layered structure, maintain the
Li stoichiometry, and suppress the cation mixing between TM and Li ions. According to
their results, high-temperature (850 C and 900 C) synthesized samples have better
electrochemical performance than the low temperature (750 C) ones, though high
temperature and long calcining duration will cause Li loss in these compounds.
LiCoyMn0.2Ni0.8-yO2 can deliver discharge capacities greater than 155 mAh/g operated at
3.0–4.3 V versus Li/Li+. The symmetric compound LiNi1/3Co1/3Mn1/3O2, well known as
NCM111 or NCM333, was initially introduced by Ohzuku et al. in 2001.93 The NCM111
synthesized at 1000 C was found a capacity of around 150 mAh/g cycled at 30C between
2.5 and 4.2 V versus Li/Li+. Shaju et al. studied the redox reactions of NCM111 in 2002
and found that the valence states of transition metals were Ni2+, Co3+, and Mn4+,
respectively.29 Ni2+/Ni4+ was the major redox pair under 4.0 V and Co3+/Co4+ would be
electrochemically activated around 4.5 V. Experimental and computational studies from
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other groups confirmed these findings.104-108 A variety of synthesis routes have been
studied, such as sol-gel, solid-state, spray drying, spray pyrolysis, combustion, and coprecipitation.109-114 NCM111 performs better than LCO on specific capacity and energy
density, and, more importantly, NCM111 is more cost-efficient and environmentally
friendly than LCO by reducing the usage of Co. Therefore, NCM111 replaced LCO
successfully as the positive electrode material in commercial LIBs.115 However, NCM111,
like many other positive electrode materials, suffers an irreversible capacity loss at the first
cycle and during long-term cycling.
The success of NCM111 enlightens the studies on Co substituting LiNi0.5Mn0.5O2.
Adding Co can significantly suppress the cation mixing of Ni2+/Li+ and increase the
electronic conductivity of LiNi0.5Mn0.5O2.105,
xCo2xMn0.5-xO2

116-118

Among the compounds of LiNi0.5-

(x < 0.5), LiNi0.4Co0.2Mn0.4O2 (NCM424) exhibits the best electrochemical

performance. Reported by Ngala et al., it can achieve an average reversible capacity of 180
mAh/g operating at 1.0 mA/cm2 between 2.5 and 4.3 V versus Li/Li+, which drops to 150
mAh/g if doubling the current density.119 By studying the rate capabilities of LiNi0.5xCo2xMn0.5-xO2

(x < 1/6) with different Co contents, Oh et al. suggested that NCM424 was

the optimal composition that delivered at least 160 mAh/g at 160 mA/g (1 C) between 2.8
and 4.4 V when Li metal served as the negative electrode.118 The other family of cobaltsubstituted LiNi0.5Mn0.5O2 is LiNi0.5CoxMn0.5-xO2 (x < 0.5). In the systematic studies
conducted by Li et al., LiNi0.5Co0.2Mn0.3O2 (NCM523) and LiNi0.5Co0.3Mn0.2O2 performed
better than the other compositions, exhibiting around 160 mAh/g of the discharge capacity
at the current loading of 40 mA/g between 3.0 and 4.6 V after 20 cycles.120-121 Yang et al.
applied co-precipitation method to synthesize spherical NCM523 and achieve 173 mAh/g
after 50 cycles operating at 32 mA/g between 3.0 and 4.3 V.122 Owing to the high electronic
conductivity, Li-ion diffusivity, and energy density, NCM523 is also widely implanted as
a commercial positive electrode material besides NCM111.
The growing market of EVs demands a high-energy-storage battery system with at
least 300 Wh/kg as the energy density.18, 123 However, the positive electrode made from
NCM111 and NCM523 can only deliver 200 Wh/kg at the battery level, corresponding 600
Wh/kg at the materials level.18, 124-125 To increase the energy density, one must find highcapacity electrode materials. In the family of layered NCMs, high Ni concentration implies
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elevated capacity, since Ni is the predominant element undergoing the redox reactions. In
the past two decades, extensive studies have focused on the composition of LiNi12xCoxMnxO2

(x  0.2).9, 18, 125-128 These Ni-rich NCMs are capable to provide 180-240

mAh/g of discharge capacity at 2.7–4.5 V as the voltage window, corresponding 650–800
Wh/kg of energy density.9, 18 Despite the elevated capacity, implanting electrodes with high
Ni concentration brings a variety of challenges to the compounds, such as fast capacity
fade and heat/gas release during electrochemical cycling. 9, 11-12, 125, 129 The poor structural
and thermal stability preclude the application of Ni-rich NCMs in the commercial LIBs.

1.5

The Role of Transition Metals in Ni-Rich Layered NCM
As discussed in section 1.4, the selection and composition of transition metals

largely influence the structure stability and electrochemical performance of layered
positive electrode materials. The following paragraphs will discuss the degradation and
modification correlating with transition metals, particularly for the Ni-rich layered NCM.
1.5.1

Ni-rich Correlated Degradation

Ni-rich NCM positive electrode materials are in the α-NaFeO2-type layered
structure with R3̅m space group. A repeating O3 structure shows a sequence of O-TM-OLi-O-TM-O-Li-O along [111] direction, where TM and Li ions occupy 3a and 3b
octahedral sites, respectively. In the mixed-TM compounds containing Ni, Ni2+ is likely to
appear from the reduction of Ni3+, because the crystal-field theory that Ni3+ has an unstable
unpaired electron spin of the orbitals.41, 130-132 Owing to the similar ionic radius of Ni2+
(0.69 Å) and Li+ (0.76 Å), Ni2+ inclines to migrate to Li+ site, initiating cation mixing.13, 50,
131, 133-134

The Ni2+/Li+ disordering can occur during both materials synthesis and

electrochemical cycling. The Ni2+ occupying in Li-slab will hinder Li-ion diffusion by
narrowing the Li slab and repulsing Li+ by the coulombic force. Therefore, cation mixing
can cause a poor rate capability. In addition, it can initiate a local structure transformation
from R3̅m to Fd3̅m/Fm3̅m (shown in Figure 1.4c–d), especially in the highly delithiated
situation. A capacity loss will occur when such transformation is usually irreversible. Many
methods have been developed to detect cation mixing, among which X-ray diffraction
(XRD) analysis is simple but effective. The Ni2+/Li+ disordering can weaken the
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constructive interference of (003) planes, but enhance that of (104) planes, as illustrated in
Figure 1.4d.9 Reflecting on the XRD pattern, the lower intensity ratio of (003)/(104)
suggests a more severe cation mixing. The (003)/(104) intensity ratio greater than 1.2 is
usually considered as a good cation ordering. Furthermore, the Rietveld refinements on Xray and other high-energy diffraction patterns can interpret the ratio of Ni2+/Li+ antisite
quantitatively.29, 103, 131, 135
Because of the high concentration of Ni2+, Ni-rich NCMs subject more severe
cation-mixing condition than their low-Ni counterparts do. Noh et al. studied the
composition of LiNixCoyMnzO2 with x ranging from 0.33 to 0.85.11 They found that the
Ni-rich composition could achieve high initial capacity, however, show high-degree cation
mixing, poor thermal stability, and fast capacity degradation. Cation mixing directly
corresponds to the structural instability of Ni-rich NCM, and it is a major reason for
capacity fading.9, 136
High capacity of Ni-rich NCM is expectable if more Li can be utilized in the host
structure. Nonetheless, it is a trade-off between capacity and the surface stability of the
electrode. At highly delithiated state, namely high voltage (> 4.4 V), the reactive Ni4+ most
likely exists.12-13, 24, 125, 137-138 Ni4+ has a tendency to reduce to Ni3+ and/or Ni2+, which will
be intensified at elevated temperature. The reduction of Ni4+ triggers oxygen release when
Li intercalation is absence under delithiated state, giving rise to serious safety issues such
as packing leakage, ignition, and explosion. When the non-aqueous electrolyte is used, the
situation will be even worse.41,

139-140

Furthermore, a layered/spinel/rock-salt phase

transformation will take place with the reduction of Ni4+, causing an irreversible capacity
loss. Such structural degradation was studied by Bak et al. for the moderate Ni
concentration (NCM433 and NCM523) and Ni-rich (NCM622 and NCM811)
compounds.12 Cation mixing plays a critical part in the structural degradation. With the
increasing Ni content, the activation temperature of phase decomposition/transformation
decreases, resulting in more oxygen release.
Even if the NCM positive electrode materials are carefully operated at a safe
temperature, the reactive Ni4+ still causes problems to the charged electrodes, especially at
the interface between the active material and electrolyte.141-143 According to the studies of
Choi et al. and Watanabe et al., the highly oxidizing Ni4+ accelerates the organic electrolyte
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decomposing, leading to an electrolyte depletion, Ni2+ dissolution, and SEI formation.144146

At the first cycle of delithiation/lithiation, SEI consisting of polycarbonates, LiF,

LixPFy, and LixPFyOz forms on the surface of positive electrode facing the electrolyte of
LiPF6-EC (ethylene carbonate)/DEC (diethyl carbonate).9,

125, 128, 147

The electronic

insulating and electrochemical inactive SEI will result in low coulombic efficiency and
irreversible capacity loss for the first charging/discharging cycle. SEI is not a static layer,
but dynamically decomposes and reforms during the continuous electrochemical
operation.58, 148 The ongoing Ni4+ reduction, Ni2+ dissolution, and gas evolution can lead to
an accumulative capacity degradation of NCM positive electrode materials during longterm cycling.
1.5.2

Effects of Transition-Metal Non-Stoichiometry

From the viewpoint of defect chemistry, various types of point defects can form in
a Ni-rich NCM compound, including Li-ion vacancy, TM-ion vacancy, O vacancy, and
cation antisite. Ni2+/Li+ antisite and surface O vacancies correspond to cation mixing and
oxygen release, respectively. They have been discussed in the earlier sections. However,
the studies of TM vacancies in Ni-rich NCMs are limited. Intuitively, the formation of
negatively charged TM vacancies can either increase the valence state of the remaining
cations or introduce positively charged O vacancies, in order to satisfy the charge neutrality
in the compounds. Such phenomenon has been reported at highly delithiated states.9, 12, 128,
131, 149

The dissolution of the cations reduced from Ni4+ and Co4+ will facilitate the surface

reactions to form SEI.
According to the degradation mechanism aforementioned, controlling cation
mixing of Ni2+/Li+ is critical to stabilizing the layered structure during lithiation and
delithiation. To address the cation-mixing problem, modifications have been applied to
enhance the energy barrier for Ni2+ migration. Cationic doping elements, such as Na and
Mg, are inserted into Li slabs, showing a “pillar” effect to hinder Ni2+ migration.150-152 Cho
et al. proposed a pre-forming thin cation-disordering layer that could prevent further cation
migration so that improve the cycling performance.153 These two methods take advantage
of the electrostatic repulsion between the cations occupying Li layer and the Ni2+ in TM
layer. I suggest that forming TM vacancies, such as introducing Co deficiency during
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synthesis, could have a similar effect to prevent cation mixing, because of the electrostatic
attraction between negatively charged Co vacancies and Ni2+. However, it is also possible
to generate O vacancies when removing TM cations because of charge balance. The O
vacancies can introduce surface instability and cause more degradation problems. 125, 130,
154-156

The effects of TM vacancies on Ni-rich layered NCM materials could be complex,

thus, an experimental study is necessary.
1.5.3

Modification by Transition-Metal Doping

In order to improve the structural and cycling stability of Ni-rich NCM, many
modification approaches are investigated, such as coatings, core-shell structures, fullconcentration-gradient (FCG) particles, and elemental doping. Among these techniques,
doping is facile and cost-efficient,7, 32, 34, 123, 157-160 which optimizes the composition of the
layered NCM materials. For instance, Ni-rich NCM is developed from doping highcapacity LNO with Co and Mn to ameliorate the conductivity and structural stability. For
Ni-rich NCMs, the most common dopant elements are Na,161-163 Mg,164-169 Al,164-166, 170-173
Zr,174-178 Cr,166, 179 and Mo.180-181 The benefits of these elements are usually attributed to 1)
replacing highly active elements such as Li and Ni by elements that are electrochemically
inactive and structurally stable; 2) preventing cation mixing by increasing the energy
barrier for Ni2+ migration; 3) reducing oxygen release during electrochemical cycling by
strengthening oxygen-metal bonds.
Many studies of Zr-doped/modified Ni-rich NCMs have been proposed in recent
years. Although improvements in cycling stability and high-rate performance have been
reported, there are disagreements on the mechanisms. Schipper et al. observed the fast
electrochemical kinetics in their Zr-substituted LiNi0.6Co0.2Mn0.2O2 samples. They
ascribed the improved structural stability to the destabilization of Ni tetrahedral sites and
the reduced concentration of Jahn-Teller active Ni3+ ions.175, 182 On the contrary, Li et al.
found that Ni3+ increased in their Zr-doped LiNi0.8Co0.1Mn0.1O2 samples, but significant
enhancements in cycling stability and rate capability were still achieved. 178 A Li2ZrO3
coating layer formed on the particle surface as a side effect of Zr doping, which was
reported by both groups including Li et al.’s previous study on Zr-doped
LiNi1/3Co1/3Mn1/3O2.183 They proposed that the enhanced electrochemical performance
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partially results from the protection and surface stabilization offered by the Li2ZrO3 layer,
as originally reported in Li2ZrO3-coating studies.184-185 However, such coating layer was
absent in LiNi0.4Co0.2Mn0.4O2 and LiNi0.5Co0.2Mn0.3O2 studies.174, 177 While low surfacefilm resistance and high Li-ion diffusivity were stated in the aforementioned studies, the
measurements were conducted in the coin cell configuration where the effects of Zr
modification on Li diffusion in the bulk of NCMs may be obscured. In this dissertation, I
report a comprehensive experimental study to help understand the structure,
electrochemistry, and Li-ion transport behavior of the Zr-modified Ni-rich NCM electrode
materials.
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CHAPTER 2. EXPRIMENTAL METHODS
This chapter introduces the general concepts of the experiments I have conducted
in this dissertation, including materials synthesis, characterization of structure,
morphology, composition, and surface condition, and electrochemical measurements. The
detailed operation and parameters will be discussed in the experimental sections in the
following two chapters.

2.1

Materials Synthesis
Solid-state calcination and sol-gel method are applied to synthesize cobalt-deficient

and zirconium-modified NCM811, respectively.
In terms of solid-state calcination, the powder precursors are uniformly mixed and
then calcined at a specific temperature to achieve the target phase and composition.
Usually, precursor mixture will be pressed into pellets for calcining. To ensure phase
homogeneity, multi-step mixing-pelletizing-calcining may be necessary, especially for the
precursors that undergo decomposition, such as carbonates, nitrates, and acetates.
The sol-gel method describes a procedure consisting of precursor solution
formation, gel conversion, and calcination. The pH value of the solution and calcination
temperature are critical to the phase and morphology of the final products.
In my work, solid-state calcination is favorable to synthesizing cobalt-deficient
NCM811, because it more easily retains the cationic non-stoichiometry being introduced
intentionally. Comparatively, the sol-gel method, as a wet-chemistry route, can prevent
non-uniformity in the yields. Therefore, it is used for synthesizing NCM811 samples with
different amounts of Zr substitution.

2.2

Characterization Techniques
Several complementary characterization techniques are utilized in this dissertation

to investigate the structure, composition, and surface chemical state of samples.
The crystallinity is measured by X-ray powder diffraction (XRD). The phase of
samples can be identified by comparing the diffraction pattern to the database of Powder
Diffraction Files (PDF). By using General Structure Analysis System (GSAS) software
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created by Argonne National Laboratory, I can refine the diffraction pattern to extract the
lattice parameters. Siemens D500 and D5000 diffractors are used in Chapter 3 and 4 to
perform XRD on the as-synthesized materials and electrochemically cycled electrodes,
where the Cu ɑ X-ray has a wavelength of 1.5406 Å. High-resolution X-ray diffraction
(HRXRD) is applied in Chapter 4. The X-ray’s wavelength is 0.4127 Å, provided by the
Advanced Photon Source, Argonne National Laboratory. HRXRD can provide more
detailed structural information than the conventional XRD by reducing fluorescence
problem and sample absorption. In Chapter 4, it reveals a secondary phase in the Zrmodified samples, which is too minute to be discovered by the conventional XRD.
In Chapter 3, inductively coupled plasma optical emission spectroscopy (ICP-OES)
is applied to analyze the composition of the cobalt-deficient NCM811s. About 10 mg of
each sample is dissolved in around 5 ml aqua regia at 95 °C, then diluted to 50 ml with
deionized water. The standards of Li, Ni, Co, and Mn are prepared in 0.01, 0.1, 1, 10, and
100 µg/ml, respectively.
NCM811 particles are observed through a scanning electron microscope (SEM).
The secondary electron signal, which gives a good contrast of surface roughness, is utilized
to image the morphology of the samples. In both cobalt-deficient and Zr-modified
NCM811, coating and phase deviation may occur on or near the surface of particles. Since
nano-size features are difficult to be revealed by SEM, a high-resolution transmission
electron microscope (HRTEM) is applied. HRTEM uses both transmitted and scattered
electron beams to create an interference image with phase contrast. In both SEM and
HRTEM, energy-dispersive X-ray spectroscopy (EDS) can quantify elemental distribution
(except Li) at specific locations on the samples.
X-ray photoelectron spectroscopy (XPS) is a powerful tool investigating the surface
chemistry of solid samples. A monochromic X-ray impinges on the sample surface that
emits photoelectrons with particular characteristic energy. The detection depth is normally
less than 10 nm. The spectrum is obtained by counting the number of the ejected electrons
(y-axis) over a range of kinetic energy (x-axis). The location and height of the spectra
reflect the chemical state of a specific element. In this dissertation, XPS is used to ascertain
the valence states of TM ions in the NCM811 samples.
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2.3

Electrochemical Measurements
This dissertation studies the NCM811s as the positive electrode materials in LIBs.

Thus, the electrochemical properties are essential to these materials, which are investigated
by the following techniques.
To fabricate the positive electrode, the synthesized NCM811s are cast on a carboncoated Al foil with carbon black (CB) and polyvinylidene fluoride (PVDF). The NCM811
electrodes are assembled in 2032-type coin cells with Li metal as the counter electrode.
Various electrochemical measurements are performed to these cells.
Galvanostatic cycling with potential limitation technique (GCPL) cyclically
charges and discharges a cell at a specific current density between the high and low cut-off
voltages. It examines the cycling durability and rate capability of the NCM811 cells. In
this dissertation, a constant current/constant voltage (CC-CV) mode is applied to each
charging step. It means that the positive electrode will be delithiated at a constant current,
and then be held at the cut-off voltage until the current drops to a specific value. The CCCV mode ensures that the positive electrode reaches the same delithiation state before
discharging. Constant current (CC) mode is applied to the discharging steps. Combining
CC-CV and CC mode aims to simulate the battery cycling in the real world, generating the
capacity more accurately, especially for high current loading cycles.
Cyclic voltammetry (CV) proceeds a constant-rate voltage scanning to an
electrochemical cell, repeatedly ramping forward and backward in a potential range. The
current is recorded at each step of voltage. In the current versus potential plot, positive and
negative peaks may occur, regarding to cathodic and anodic currents, respectively. The
location and shape of the peak pairs can indicate the kinetics of the redox reactions in the
working electrode. In addition, the variation of these peaks during the cyclic voltage
scanning infers the reversibility of the redox reactions, and, herein, the stability of the
active material.
Electrochemical impedance spectroscopy (EIS) is powerful to investigate the
factors limiting the performance of LIBs. Applying to NCM811 cells, the spectra can reveal
the properties of SEI, as well as the rate of charge transfer and Li-ion conduction.
Galvanostatic intermittent titration technique (GITT) is applied in this dissertation
to study the Li-ion diffusion in the coin cell environment. On the other hand, direct current
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(DC) polarization method evaluates the Li-ion diffusivity in terms of the NCM811 bulk
materials. These two techniques together convey the influence of Zr modification on the
Li-ion diffusion of NCM811, which is discussed in detail in Chapter 5.
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CHAPTER 3. Effects of Cobalt Deficiency on Nickel-rich Layered LiNi0.8Co0.1Mn0.1O2
Positive Electrode Materials for Li-Ion Batteries
I synthesized pristine and cobalt-deficient NCM811 samples via solid-state
reaction. Using a variety of characterization techniques and electrochemical
measurements, I show that Co non-stoichiometry can suppress Ni2+/Li+ cation mixing, but
simultaneously promote the formation of O vacancies, leading to a rapid capacity fade and
inferior rate capability compared to pristine NCM811. The effects of Co deficiency on the
crystal structure, surface chemistry, and electrochemical performance of Ni-rich layered
NCM811 positive electrode materials were experimentally studied possibly for the first
time.

3.1

Introduction
One of the strategies to increase the energy density and specific energy of LIBs is

to extend the rechargeable capacity of the positive electrode material. Among the layered
lithium metal oxides (LiMO2), LiCoO2 was the first commercialized positive electrode
material in LIBs.22 However, Co is scarce, expensive, and toxic. In addition, the relatively
low capacity (145 mAh/g in practice) and thermal instability of LiCoO2 preclude its use in
large-scale applications such as EVs.2, 8, 24, 45, 48, 66 The isostructural LiNiO2 and LiMnO2
phases contain less expensive and more abundant elements but are unsuitable substitutes
because LiNiO2 can release oxygen upon Li removal, raising major safety issues, and
LiMnO2 converts to the spinel (LiMn2O4) with an unacceptable irreversible capacity loss.8,
23, 25, 56-57

Therefore, mixed-transition-metal oxides, such as LiNi1-2xCoxMnxO2 (NCM),

have been extensively studied to overcome the shortcomings of LiCoO 2. Each TM element
plays a role in the layered NCM positive electrode material. Ni is the predominant
electrochemically active cation at low potential ( 4.0 V) and provides high storage
capacities. Co can only participate in the redox reaction at high voltage region ( 4.0 V),
but it provides electronic conductivity and improves layered characteristics when
considered as a substitution in LiNi1-xMnxO2. The electrochemically inactive Mn4+
provides, when x  0.2 in LiNi1-2xCoxMnxO2, structural stability by avoiding Jahn-Teller
distortion associated with Mn3+.4, 8 Among the mixed-transition-metal positive electrode
21

materials, the symmetric compound LiNi1/3Co1/3Mn1/3O2 (NCM111) has attracted much
attention due to its high specific capacity (150 mAh/g cycled between 2.5 and 4.2 V versus
Li/Li+), structural stability, and excellent cycle life. This compound can deliver a specific
capacity close to 200 mAh/g when charged to 4.6 V. However, the main drawback of this
compound is its poor cycle life when undergoing charge/discharge between 3 and 4.6 V,
hindering its application in high-energy batteries.8, 28, 93, 106, 146, 186
Because Ni is the main active redox species in the ternary-TM oxides, the
electrochemical capacity of LiNi1−x-yCoxMnyO2 strongly depends on the Ni content. Thus,
Ni-rich lithium mixed-transition-metal oxides have recently been studied as candidates to
reach higher capacities.9, 133-134, 187-189 These compounds are capable of delivering 200
mAh/g capacity and 800 Wh/kg energy density.9,

133-134, 188-190

They are also more

environmentally benign and less expensive than LiCoO 2. Because of the similar ionic radii
of Li+ (7.6 Å) and Ni2+ (6.9 Å), Ni ions can migrate from the TM layer to the Li layer and
form antisite defects. This cation migration, also known as cation mixing or cation
disordering, can occur during synthesis and electrochemical cycling, especially when the
Ni content is high.131, 191-195 Ni migration reduces the active Li sites, resulting in gradual
capacity decline during electrochemical cycling or poor initial capacity if formed during
synthesis.9 By impeding Li-ion diffusion, cation mixing also lowers the rate capability of
the material during electrochemical cycling. Additionally, side reactions strongly depend
on the defects at or near the surface, such as Li and O vacancies, which may be affected by
the presence of cations, particularly highly oxidizing and unstable Ni4+ at high voltages.9,
189, 196-199

The reaction layers (spinel-like and/or rock-salt phases) on the surfaces are often

electronically and ionically insulating, causing capacity loss and reduced rate capability. 55,
200

Various types of point defects in a Ni-rich NCM compound, including Li-ion
vacancy, TM vacancy, O vacancy, and cation antisite, are shown in Figure 3.1. The effects
of Ni2+/Li+ antisite and surface O vacancies have been extensively studied;10, 130-131, 133-134,
154-156, 192, 199, 201

however, the studies of TM vacancies in Ni-rich NCM are limited. Though

the computational studies by Hoang and Johannes showed that the formation of TM
vacancies are likely energetically unfavorable, 202-203 such defects may form because
synthesis and electrochemical cycling are kinetic processes where the system may deviate
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from thermodynamic equilibrium. The formation of negatively charged TM vacancies will
cause an increase in either the valence state of the remaining cations or positively charged
O vacancies in order to satisfy charge neutrality. In this study, I synthesized NCM811 with
different amounts of Co deficiency and investigated their microstructure, morphology,
surface chemistry, and electrochemical performance.

VM: transition-metal vacancy
M: transition metal

VO: oxygen vacancy
O: oxygen

VLi: lithium vacancy

LiM: Li antisite

MLi: M antisite (tetrahedral)

MLi: M antisite (octahedral)
Li: lithium

Figure 3.1 Defects in the lattice of layered lithium metal oxide.
3.2

Experimental
Cobalt-deficient NCM811 samples were synthesized by a solid-state-reaction

method. Li2CO3 (Sigma-Aldrich, ≥99%), NiO (Alfa Aesar 99%), Co3O4 (Alfa Aesar,
≥99%), and MnO2 (Alfa Aesar, 98%) in molar ratios of Li:Ni:Co:Mn = 1.05:0.8:(0.10,
0.09, and 0.08):0.10 were uniformly mixed in a mortar. The samples were named as
Co0.10, Co0.09, and Co0.08 for the pristine NCM811, 10%, and 20% cobalt-deficient
samples, respectively. The mixtures were calcined at 800 °C for 12 h to discompose the
carbonates. The calcined powders were milled in isopropanol at 300 rpm for 12 h and dried
overnight at 80 °C, and then uniaxially pressed. The pressed pellets were fired at 900 °C
for 12 h in air, crushed into powder, and again milled and pelletlized for a final firing at
900 °C for 12 h in air. Before characterization and electrochemical testing, the milled
powders were annealed at 800 °C in pure oxygen for 1 hour to compensate for the surface
oxygen loss during synthesis and then stored in an Ar-filled glovebox.
Phase identification for the synthesized powder and cycled electrodes was
performed using XRD (Siemens D500, Cu Kα radiation). The diffraction patterns were
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analyzed by Rietveld refinements using the GSAS developed by Argonne National
Laboratory with the EXPGUI interface developed by Los Alamos National Laboratory.204205

The chemical composition of each sample was determined by ICP-OES (Varian Vista-

Pro CCD simultaneous). Using SEM (Hitachi S4300) and TEM (JOEL 2010F), the
morphology of NCM811 particles and surface layers were examined, respectively. The
surface composition was studied using XPS (Thermo Scientific K-Alpha).
To make the electrode slurries, 80 wt.% NCM811 powder, 10 wt.% CB (Super P
C65, Sigma Aldridge), and 10 wt.% PVDF (MW  1100 g/mol, Kureha Corporation) were
uniformly dispersed in NMP (VWR, Biotechnology Grade) in a planetary mixer (Kurabo
Mazerustar KK250S) for 30 mins. The slurries were cast onto carbon-coated aluminum foil
(MTI Corporation, 20 μm in thickness) and baked at 120 °C in a vacuum oven overnight.
Then the electrode film was punched into circular disks (1/2 inch in diameter) in an Arfilled glovebox. The mass loading of NCM was 2.5±0.1 mg/cm2.
Each coin cell was assembled using a piece of the as-made positive electrode disk,
Li foil (Alfa Aeser, 0.75 mm in thickness), Celgard 2400 separator, 1 M LiPF 6 in EC:DEC
(1:1 in vol., BASF), and the 2032-type casing (MTI corporation). The electrochemical
cycling between 2.75 and 4.3 V versus Li/Li+ was performed on an electrochemistry
workstation (Biologic VSP). For each charging cycle, the voltage was held at 4.3 V until
current loading drops to 0.1C. In this chapter, 1C was set as 200 mAh/g. Long-term cycling
was performed at 0.2C, and rate capabilities were checked via varying current loading from
0.1C to 2C. Electrochemical impedance spectroscopy (EIS) was carried out over the
frequency range from 1 MHz to 10 mHz. The EIS spectra were recorded during 1C cycling
after the 1st, 5th, 20th, and 100th charging cycles.

3.3

Results and Discussion
The XRD patterns of Co0.10, Co0.09, and Co0.08, representing pristine NCM811,

10, and 20% cobalt-deficient samples, respectively. The Rietveld refinement results are
shown in Figure 3.2. The patterns match well with the α-NaFeO2-type phase of the R3̅m
space group. Impurity phases are not detected. The clear splitting of the (006)/(102) and
(108)/(110) diffraction peaks indicates a well-ordered layered structure.29, 156 Table 3.1
summarizes the structural parameters obtained from Rietveld refinement, as well as the
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intensity ratio of (003)/(104). The composition of each TM cation acquired from ICP-OES
measurement is listed in Table 3.2, illustrating the Co non-stoichiometry in the cobaltdeficient NCM811s. The phase and chemical analysis show a decreasing trend for Ni2+/Li+
disordering with increasing Co deficiency; 11.37% disordering for Co0.10, 8.69% for
Co0.09, and 8.59% for Co0.08. In the cobalt-deficient compounds, cation mixing cannot
be unambiguously identified by the intensity ratio of (003)/(104)156 because the intensity
of the (003) plane is not only affected by the disordering of Ni2+ and Li+, but also by the
atomic occupancy on the transition metal layer. Co non-stoichiometry leaves unoccupied
′′
′′′
sites on the transition metal layer, that is, Co vacancies (𝑉𝐶𝑜
or 𝑉𝐶𝑜
). According to the

refinement result in Table 3.1, cation defects will result in a lattice expansion. I suppose
′′
′′′
that the electrostatic attraction between the 𝑉𝐶𝑜
or 𝑉𝐶𝑜
and the Ni2+ cations is responsible

for the descending trend of cation mixing. The attractive force will increase the energy
barrier for Ni migrating to the Li site, and therefore impede the disordering of Ni2+/Li+,
which is the principal degradation mechanism in the layered Ni-rich NCMs. A similar
coulombic interaction between negatively charged Li-TM antisite and positively charged
Li-ion has been reported.202 Using Rietveld refinement analysis, I also find that O
occupancy dropped gradually with decreasing Co concentration, an evidence of the
formation of O vacancies (𝑉𝑂∙∙ ) in the cobalt-deficient compounds. Thus, the NCM811
compound with higher Co deficiency shows less cation mixing and lower O occupancy.
Similar morphologies were observed for Co0.10, Co0.09, and Co0.08 (SEM
images, shown in Figure 3.3a–c. However, high-resolution TEM (HRTEM) shows that the
cobalt deficiency strongly affects the surface morphology. For all the samples, there is an
amorphous surface layer with varying thickness (Figure 3.3d–f) of 1.5, 2.5, and 4.6 nm for
Co0.10, Co0.09, and Co0.08, respectively. Apparently, the amorphous surface layer
becomes thicker when Co concentration decreases. As suggested by Bi et al.,154 the
amorphous layer on the surface of Ni-rich NCM particles can be linked to the O defects
caused by surface decomposition. Other studies pointed out that the absence of O2- ions in
the layered lattice could lower the energy barrier for Ni2+/Li+ exchanging positions,
facilitating the formation of the spinel-like and rock-salt domains.55,

142, 206-208

These

electrochemically inactive and ionic/electronic blocking domains will lead to a rapid
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capacity fade and inferior rate capability. Beneath the surface layer, all the three samples
show lattice fringes in their HRTEM images, indicating well-crystalized structures.

Figure 3.2 XRD and Rietveld refinement patterns of the as-synthesized particles.
Table 3.1 Structure parameters obtained from XRD patterns and Rietveld refinement.
Co0.10

Co0.09

Co0.08

a/Å

2.8805

2.8815

2.8828

c/Å

14.2222

14.2257

14.2318

c/3a

1.646

1.646

1.646

V/Å3

102.195

102.291

102.428

NiLi

11.37%

8.69%

8.59%

O occ. (6c)

0.8711

0.8686

0.8578

CHI2

1.509

1.528

1.868

I(003)/I(104)

0.92

1.17

1.08
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Table 3.2 Composition of transition-metal elements characterized by ICP-OES.
Co0.10

Co0.09

Co0.08

Ni

0.7999

0.8001

0.8003

Co

0.0995

0.0850

0.0754

Mn

0.1005

0.0995

0.0995

Figure 3.3 SEM (a–c) and TEM (d–f) images of the as-synthesized particles. The inserts
show low-magnitude TEM images.
To further investigate the surface chemistry of the NCM particles, I conducted XPS.
For each sample, photoelectron signals have been collected for C 1s, O 1s, Ni 2p, Mn 2p
and Co 2p electron orbitals. All peaks were calibrated using –C–C– of 284.8 eV in C 1s.209
For Ni-rich compounds, Co 2p2/3 and Mn 2p2/3 orbitals overlap with strong Auger signals
of Ni;133, 210 therefore, I only analyzed the Co 2p1/2 and Mn 2p1/2 orbitals. Figure 3.4 plots
the raw data and fitting curves. An individual peak represents a specific charge state for
each element.
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By comparing the integrated area under the peaks, I estimate the proportion of ions
in various chemical states. As shown in Table 3.3, each TM ion has two valences for all
the three samples. The valence states of cations may differ from that reported in the
literature because of the different calcining atmospheres. The peaks located at 854.8 eV
and 860.9 eV represent Ni2+, while the peaks belong to Ni3+ are 856.3 eV and 864.2 eV.
The peak at 796.1 eV belongs to Co2+ whereas the peak at 794.9 eV can be attributed to
Co3+. When the Co concentration declines, the ratios of Ni2+/Ni3+ and Co2+/Co3+ are
unchanged. All the samples consist of 59% Ni2+, 41% Ni3+, 34% Co2+ and 66% Co3+.
However, Mn3+/Mn4+ varies noticeably,55, 134, 201, 211 indicated by the peak of Mn3+ at 654.3
eV and Mn4+ at 653.2 eV. The proportion of Mn3+ increases from 25% in Co0.10 to 32%
in Co0.09, and finally to 35% in Co0.08. To maintain charge neutrality when negatively
′′
′′′
charged Co defects (𝑉𝐶𝑜
or 𝑉𝐶𝑜
) exist, either the formation of O vacancy (𝑉𝑂∙∙ ) or oxidizing

the remaining metal cations to the higher states of charge (i.e., oxidizing Ni2+ to Ni3+, Co2+
to Co3+, and Mn3+ to Mn4+) must occur. However, based on XPS data, the concentration of
Mn4+ decreases in the cobalt-deficient samples, which agrees with the formation of 𝑉𝑂∙∙ .
Since the ratio of Co2+/Co3+  1:2 for all the pristine and cobalt-deficient NCM811 samples,
′′
′′′
I believe that both 𝑉𝐶𝑜
and 𝑉𝐶𝑜
are generated when Co ions are removed from the lattice.

Figure 3.4a shows the XPS results acquired from O 1s spectra. The ratio of the peak located
at 528.9 eV, attributed to lattice O, decreases with the decreasing Co concentration.55, 155
Meanwhile, surface O, that is, impurity oxides other than layered NCM with a peak at
around 531.4 eV, increases with the decreasing Co concentration. The variation of O 1s
peaks results from the formation of surface O defects. 𝑉𝑂∙∙ , initially introduced by Co
deficiencies, will produce a highly reactive surface.154 The succeeding surface reaction
forming oxide impurities will enrich 𝑉𝑂∙∙ on the surface, which agrees with the observed
surface layer by TEM (Figure 3.3d–f). Consistent with the XPS analysis, I propose formula
3.1 to explain O vacancies and Mn reduction when Co is deficient.
𝑋
′′
′′′
𝐶𝑜𝐶𝑜
+ 2𝑂𝑂𝑋 + 𝑀𝑛 4+ → 1⁄3 𝑉𝐶𝑜
+ 2⁄3 𝑉𝐶𝑜
+ 11⁄6 𝑉𝑂∙∙ +𝑀𝑛 3+

(3.1)

Together with HRTEM results, I believe that non-stoichiometry is more favorable
at the surface of NCM particles.
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Table 3.3 Proportions of O, Ni, Co and Mn ions in Co0.10, Co0.09, and Co0.08.
O Lattice

O surface

Ni2+

Ni3+

Co2+

Co3+

Mn3+

Mn4+

Co0.08

0.21

0.79

0.58

0.42

0.34

0.66

0.35

0.65

Co0.09

0.20

0.80

0.60

0.40

0.33

0.67

0.32

0.68

Co0.10

0.30

0.70

0.58

0.42

0.35

0.65

0.25

0.75

Figure 3.4 XPS data and fitting results of (a) O 1s, (b) Ni 2p, (c) Co 2p, and (d) Mn 2p
for Co0.10, Co0.09, and Co0.08.
Figure 3.5 compares the electrochemical performance of the pristine and cobaltdeficient NCM811 samples. As shown in Figure 3.5a, Co0.10, Co0.09, and Co0.08 deliver
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the discharge capacities of 147.5, 144.2, and 141.0 mAh/g during the first cycle at 0.2C,
while the coulombic efficiencies are 58.4%, 59.6%, and 67.6%, respectively. Overall, the
pristine NCM811, that is, Co0.10, performs better than the cobalt-deficient samples for
both long-term cycling and rate capability (Figure 3.5b). The initial poor performance of
cobalt-deficient sample results from the O defects and the thick amorphous surface layer
revealed by XPS and HRTEM. During 0.2C cycling, the cobalt-deficient NCM811 exhibits
rapid fading of discharge capacity as well as cutoff voltage, displayed in Fig 3.5c–e. After
60 cycles of 0.2C charging/discharging, the discharge capacity of Co0.10 is 26 mAh/g
higher than Co0.08, and 42 mAh/g higher than Co0.09. The capacity difference between
pristine and cobalt-deficient NCM811 becomes larger at high C-rate. At the first cycle of
1C, Co0.10 achieves 40 mAh/g more capacity versus the cobalt-deficient samples.
Although the performance of Co0.09 is in between that of Co0.10 and Co0.08 during the
first 20 cycles at 0.2C, its capacity unexpectedly falls below that of Co0.08 after the 20th
cycle, becoming the worst among the three samples. I observe a similar tendency in the
rate performance measurement: Co0.09 performs better than Co0.08 at the low C-rate of
0.1, 0.2, and 0.5C, but becomes the worst when current loading increases to 1 and 2C. After
returning to 0.1C after 30 cycles, the capacity of Co0.09 and Co0.08 is similar to that for
the 0.2C cycling.

30

(a)

(c)

(b)

(d)

(e)

Figure 3.5 Electrochemical performance: (a) 0.2C cycling performance; (b) rate
capabilities; (c–e) charging/discharging curves at different cycles in 0.2C cycling of
Co0.10, Co0.09, and Co0.08.
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0
0
1

Figure 3.6 (a) EIS results and (b) charge-transfer resistances of Co0.10, Co0.09 and
Co0.08 at 1st, 5th, 20th, and 100th cycles of 1C cycling. (c) The equivalent circuit.

Error
N/A
N/A
N/A
N/A
N/A
N/A
N/A

To elucidate the factors causing the fastest fading of Co0.09, I analyzed the EIS

Error %
N/A
N/A
N/A
N/A
N/A
N/A
N/A

File: 20th, and 100th cycles
data (Figure 3.6) during 1C cycling for each sample at 1st,Data5th,
Circuit Model File:

F:\parculation.mdl

Run Fitting / Selected Points (0 - 0)
while fully charged. Figure 3.6a plots the Nyquist curves, Mode:
where the semicircles
in lowMaximum Iterations:
100
Optimization Iterations:

0

Type of Weighting:

Calc-Modulus

frequency range change significantly during cycling. I assign
these semicircles
to the
Type of Fitting:
Complex
charge-transfer resistance (Rct ).155, 212-213 By fitting the curves to the equivalent circuit
shown in Figure 3.6c, I acquire the values of Rct as a function of the cycle number shown
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in Figure 3.6b. The initial Rct values of the three samples are similar, and then they increase
gradually with increasing cycles. After 20 cycles, the Rct of the cobalt-deficient samples
climbs more rapidly than that of the pristine NCM811. More interestingly, Co0.09 shows
the sharpest increase in Rct from 20th to 100th cycle, which accords with the fastest
capacity fading in the cycling test. The value of Rct is related to the surface quality of active
materials.18, 130 The enhancement of Rct corresponds to the structure collapse and side
reactions occurring at the surface of the electrode materials. The EIS results suggest that
more surface damage takes place for the cobalt-deficient samples, and the situation is more
severe for Co0.09 than Co0.08.

Figure 3.7 (a) XRD patterns of postcycle electrode disks and (b) the shift of (003) peak
compared to the positive electrode particles.
After the 100th 1C cycling, XRD measurements were carried out on the cycled
positive electrode disks. Before being opened, the coin cells were rested for 12 h after the
last discharging step to make sure that the electrodes were at the same state of charge. The
electrode disks were washed with DMC (BASF) and sealed in Kapton tape. The XRD
measurement was completed in 2 h after taking each electrode disk out of the glovebox.
Figure 3.7 shows the XRD patterns of the post-cycle electrodes, where Figure 3.7b
illustrates the comparison between positive electrode particles and post-cycle electrodes.
Indicated by the largest (003) peak shift, Co0.09 suffers the most severe phase damage
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among the three samples.10, 155, 214 The left shift of the (003) peak witnesses the expansion
in the c-axis in the layered NCM, which correlates with the unoccupancy of the Li-site.
When the three samples are equally charged or discharged, the largest left peak shift of
Co0.09 implies the lowest reversibility of the Li-site during cycling. The loss of active Li
site can result in forming inactive domains with spinel-like or rock-salt structure, which is
consistent with the EIS results. The EIS and post-cycling XRD results indicate that Co0.09
is more vulnerable during charge-discharge cycles. More side reactions and phase damage
on the surface will happen to Co0.09, which causes the loss of active sites of Li ions and
impedes charge carrier transport, causing poor electrochemical performance.

Figure 3.8 Effects of Co deficiency on NCM811.
Several publications on Ni-rich NCM positive electrode materials suggest that
suppressing cation mixing and reducing O defects can lead to good electrochemical
performance.131, 134, 155-156, 201, 210 However, as illustrated in Figure 3.8, Co deficiencies in
NCM811 simultaneously reduce cation mixing and introduce O defects, making the effects
of Co non-stoichiometry convoluted. According to our experiments, Co deficiencies do not
behave monotonically upon decreasing Co concentration, for example, Co0.09 performs
worse than the less cobalt-containing Co0.08. Co vacancies can stabilize the layered
structure of NCM811 by preventing the Ni-ion migration during electrochemical
delithiation/lithiation because of the electrostatic attraction between the negatively charged
′′
′′′
𝑉𝐶𝑜
/𝑉𝐶𝑜
and the positively charged Ni2+. When Co non-stoichiometry reaches a specific

level, for example, in Co0.08, the lattice stabilizing effect can overcome the negative effect
of introducing O defects, causing the positive electrode to degrade slower than Co0.09
during long-term cycling. In general, Co deficiency should be avoided in the Ni-rich
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layered positive electrode materials because of its impairment to electrochemical
performance. However, it may still be possible to take advantage of the effect of Co
deficiency to control cation mixing, when O vacancies can be diminished by other methods.

3.4

Summary
I have synthesized raw NCM811 (Co0.10), 10% (Co0.09), and 20% (Co0.08)

cobalt-deficient NCM811 via a solid-state-reaction method, and systematically examined
their crystal structure, morphology, surface chemistry, and electrochemical performance.
The Co deficiency can reduce cation mixing in NCM811, probably because of the strong
′′
′′′
electrostatic attraction between 𝑉𝐶𝑜
/𝑉𝐶𝑜
and Ni2+. However, the cobalt-deficient samples

show worse cycling stability and rate capability than the raw NCM811. The worse
performance can be linked to the O vacancies (𝑉𝑂∙∙ ) induced by Co deficiency, which can
impair the surface stability of the Ni-rich positive electrode material, increase chargetransfer resistance during electrochemical charging/discharging, and finally cause fast
capacity fading. Interestingly, Co0.09 shows the lowest capacity retention after long-term
cycling among the three samples, albeit it has less cobalt deficiency than Co0.08. The
reason is probably that, when Co deficiencies reach 20% in Co0.08, the benefit of
suppressing cation disordering becomes more significant than the surface damage caused
by O vacancies for long-term electrochemical cycling.
According to these findings, Co deficiency needs to be avoided in Ni-rich layered
NCM positive electrode materials, when the formation of O defects, especially at the
surface area, cannot be effectively mitigated.
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CHAPTER 4. Structural, Electrochemical and Li-Ion Transport Properties of ZrModified LiNi0.8Co0.1Mn0.1O2 Positive Electrode Materials for Li-Ion Batteries
I modified a Ni-rich layered NCM811 positive electrode material by substituting
the transition metals with Zr to mitigate its structural instability and capacity degradation.
I show that Zr, over a concentration range of 0.5–5.0 at.%, can simultaneously reside on
the lattice of NCM811 and form Li-rich lithium zirconates on the surfaces NCM811
particles. In particular, Li(Ni0.8Co0.1Mn0.1)0.99Zr0.01O2 (1% Zr-NCM811) exhibits the best
rate capability among all the compositions in this study. It shows higher cycling durability
than the raw NCM811 at both low and high current density cycling. According to XPS and
CV measurements, 1% Zr-NCM811 sample is more chemically/electrochemically stable
than the raw. In addition to comparing the diffusivities in the coin-cell measurements, I
demonstrate that Zr modification can facilitate Li-ion diffusion in the NCM811 balk
material by DC polarization measurements. The elevated Li-ion diffusivity of Zr-NCM811
results from the lattice expansion induced by Zr doping and the presence of ion-conducting
lithium zirconates partially coating on the surface of Zr-NCM811 particles.

4.1

Introduction
As the growth of the global EV market accelerates, it is vital to develop positive

electrode materials for LIBs with high energy density and fast charging durability.2, 115, 215
The symmetric layered mixed-transition-metal compound, LiNi1/3Co1/3Mn1/3O2,
can deliver about 155 mAh/g of capacity when operating between 3.0 and 4.3 V versus
Li/Li+.93, 104, 107-108 By substituting Co in LiCoO2 with Ni and Mn, LiNi1/3Co1/3Mn1/3O2
improved capacity, stability, and cost efficiency. However, its capacity is still insufficient
for EVs application.216-217 Since the redox pair of Ni2+/Ni3+ contributes the majority of the
capacity when the voltage is below 4.3 V versus Li/Li+,9, 127 a high Ni concentration usually
implies elevated capacity in the family of the layered NCMs.
In the past two decades, extensive studies have focused on the composition of
LiNi1-2xCoxMnxO2 (x ≤ 0.2). These Ni-rich NCMs are capable of delivering 180–240
mAh/g of discharge capacity with 2.7–4.3 V as the voltage window, corresponding to 650–
800 Wh/kg of energy density at the material level. 9,
35
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Despite their promising high

capacity, Ni-rich NCMs face several challenges, for example, fast capacity fade and
significant heat/gas release during electrochemical cycling. 125-126,

128, 139, 149

Ni2+ can

migrate to the Li slab during synthesis and cycling, due to their similar ionic radii, leading
to a disordered structure and eventually irreversible phase transformation. At the high state
of charge (> 4.5 V), Ni2+ will be oxidized to highly reactive Ni4+, which reacts with the
organic electrolyte, releasing O2 and forming SEI. The cation disorder and side reactions
will cause capacity loss and hinder the transport of Li ions. Furthermore, the Li-ion
diffusion in Ni-rich compounds is not fast enough to meet the demands for fast charging,
which results in significant capacity drop during high rate cycling. Therefore, stabilizing
the layered structure and facilitating Li-ion transport are important topics of research
worldwide.
Zr modification has been proposed as an effective method addressing the
abovementioned issues of Ni-rich NCM. However, controversies exist among researchers
regarding the mechanism of the Zr modification, as discussed in Chapter 1. In the present
chapter, I look forward to offering a better understanding by experimentally studying the
structure, electrochemistry, and Li-ion transport behavior of Zr-modified Ni-rich NCM811
positive electrode materials in LIBs.

4.2

Experimental
To synthesize pristine and Zr-modified LiNi0.8Co0.1Mn0.1O2 (Zr-NCM811) by sol-

gel method, I dissolved LiNO3 (Reagent plus@, Sigma-Aldrich), Ni(NO3)2·6H2O (98%,
Alfa Aesar), Co(NO3)2·6H2O (ACS, 98.0-102.0%, Alfa Aesar) and Mn(NO3)2·4H2O (98%,
Alfa Aesar) in D.I. water. In another beaker, Zr(C5H7O2)4 (Alfa Aesar) was dissolved in a
1:1 (by volume) mixture of D.I. water and ethanol. Then the two solutions were mixed
together, where the cation ratio followed the formula of Li1.05(Ni0.8Co0.1Mn0.1)1-xZrxO2, x
= 0, 0.005, 0.01, 0.02, 0.05, representing the pristine, 0.5, 1.0, 2.0, and 5.0% Zr-NCM811,
respectively. Citric acid (99%+, Alfa Aesar) was added to the precursor solution based on
a 1:1 molar ratio to total cations. After stirring shortly, I slowly added NH3·H2O (50% v/v
aqueous solution, Alfa Aesar) to the light green transparent solution to keep the pH value
within 7.0 to 7.2. I then set the temperature of the hot plate to 90 °C and kept stirring for
around 15 h until an aqua blue gel was formed. The gel was baked at 150 °C for 24 h in an
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ambient oven and was then transferred to a box oven. After a calcination at 480 °C for 8 h
in air, organic components were removed and intermediate products were obtained as fine
powders in dark brown. The powders were then collected and calcined at 900 °C for 15 h
in oxygen. The as-prepared electrode powders were stored in argon-filled glovebox for
further characterizations and measurements.
Phase identification for synthesized powders was performed by HRXRD on
beamline 11-BM at the Advanced Photon Source of Argonne National Laboratory. The
samples were loaded into Kapton capillaries and rotated during the measurement. The
measurement conditions were 22 °C, a wavelength of 0.41272 Å, and a 2θ step-size of
0.001° from -6.0° to 28.0°. Rietveld refinements were carried out using GSAS software
and EXPGUI interface (Los Alamos National Laboratory, USA). 204-205 Morphology of the
particles was observed using SEM (Hitachi S4300) and TEM (JOEL 2010F), while the
element distribution was examined by EDS (FEI Quanta 250). The surface chemical
condition was studied using XPS (Thermo Scientific K-Alpha).
The electrode slurry was made by dispersing the NCM811 powders, CB (Super P
C65, Sigma Aldridge), and PVDF (MW  1100 g/mol, Kureha Corporation) in NMP
(VWR, Biotechnology Grade). The slurry was cast uniformly onto carbon-coated
aluminum foil (MTI Corporation, 18 μm in thickness), and was dried at 120 °C overnight
under vacuum. Then the electrode films were transferred into glovebox and punched into
circular disks in 1/2 inch diameter. The electrode contained 80 wt.% NCM, 10 wt.% CB,
and 10 wt.% PVDF. The typical mass loading of active material was 3.8 mg·cm -2.
Half cells using Li (Alfa Aesar, 0.75 mm in thickness), Celgard 2400 separator, and
1 M LiPF6 in EC:DEC (1:1 in vol., BASF) were assembled in 2032 coin cells (MTI
Corporation) inside an Ar-filled glovebox. All electrochemistry measurements were
conducted on the electrochemistry workstation (Biologic VSP). The cells were cycled with
the voltage window between 2.8 and 4.3 V versus Li/Li+. For each cycle of charging, the
voltage was held at 4.3 V until current loading drops to 0.1C (1C = 200 mAh/g). CV was
performed under the scanning rate of 0.1 mV/s between 2.8 and 4.3 V. EIS was performed
at fully discharging state after specific cycle numbers during 1C charging/discharging, over
the frequency range from 1 MHz to 10 mHz. All the electrochemistry measurements were
performed at room temperature.
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Figure 4.1 Configuration for the DC polarization measurement.
DC polarization was carried out on the pellet sample to determine the bulk Li-ion
diffusion coefficient of Zr-NCM811, of which the measurement setup is shown in Figure
4.1. LiI pellets served as the electron blocking electrodes while Li–Al alloy pellets act as
the Li-ion sink as well as current collectors. The contact resistances at the LiI/NCM and
LiI/Li–Al alloy interfaces were minimized by heating the assembled cell under vacuum at
200 °C for 20 h. The sample pellet was sintered following the same procedures for the
NCM811 particles. The testing cell, Li–Al/LiI/NCM/LiI/Li–Al, is clamped by copper
blocks and connected to a DC station (Keithley 2400 Multimeter).

4.3

Results and Discussion
Figure 4.2a shows the HRXRD patterns (synchrotron X-ray) for Zr-NCM811

samples with different Zr concentrations. The peaks labeled with Miller index represent
the α-NaFeO2-type layered structure belonging to NCM811. The clear splitting of
(006)/(102) and (108)/(110) pairs observed in all the samples confirms the expected
hexagonal arrangements of O2- ions.131, 195 The intensity ratios of (003)/(104) are 2.20, 2.18,
2.14, 1.92, and 1.92 for the raw NCM811, 0.5%, 1%, 2%, and 5% Zr, respectively,
indicating a well-ordered layered structure for each composition. As presented in Figure
4.2b–c, the (003) and (104) peaks shift to the left with increasing Zr content. The lattice
expansion is most likely caused by Zr residing in the layered lattice. The down arrows in
Figure 4.2a mark the impurity phases present in the 5% Zr-NCM811. When plotting the
intensity in log scale, as shown in Figure 4.3, the impurities become visible in the 0.5% ZrNCM811, the least Zr-containing sample in the present study. According to the reference
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patterns shown in Figure 4.3, the impurities can be assigned to multiple lithium zirconates,
including Li2ZrO3, Li4ZrO4, and Li6Zr2O7. It is important to point out that Li2ZrO3 only
appears in the 5% Zr-NCM811 sample while Li-rich zirconates start to form at lower Zr
concentrations. Based on HRXRD results, Zr can simultaneously reside on the crystal
lattice of NCM811 and form lithium zirconates. I suggest that these two effects are both
thermodynamically favorable, consistent with DFT calculations. 175, 182, 218

Figure 4.2 (a) Synchrotron HRXRD patterns of NCM811s with different Zr
concentrations, and enlarged display of (b) (003) and (c) (104) peaks.

Figure 4.3 HRXRD patterns showing intensity (in log-scale) versus diffraction angle and
reference peaks of several lithium zirconates.
SEM images in Figure 4.4 exhibit no apparent differences among the assynthesized electrode particles with different Zr concentrations. The primary cobblestonelike particles are 1–5 μm in diameter. EDS mappings (Figure 4.5) reveal uniform
distributions of Ni, Co, and Mn in all the samples, labeled by purple, green, and yellow,
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respectively. Meanwhile, the red regions representing Zr enlarge gradually with increasing
Zr as expected, indicating that lithium zirconates form on the surfaces of electrode
particles. By measuring the proportion of Zr-aggregated areas in the EDS maps, I estimated
that lithium zirconates cover approximately 4.9, 7.6, 11.4, and 18.4% of the surface area
of the particles for the 0.5, 1, 2, and 5% Zr-NCM811, respectively.

Figure 4.4 SEM images of NCM811s with different Zr concentrations. Scale bars
represent 10 μm.
Rate capability measurements were carried out upon the raw, 0.5, 1, and 2% Zrmodified NCM811 samples. As shown in Figure 4.6a, 1% Zr-NCM811 performs the best
among all the samples, delivering discharging capacities of 192, 185, 173, 162, 149, 125,
and 100 mAh/g, respectively, at the current rate of 0.1, 0.2, 0.5, 1, 2, 5, and 10C. The
performance of the raw NCM811 agrees with the published results on co-precipitation and
sol-gel synthesis.176, 178, 219-220 As can be seen in Figure 4.6b, the lead of 1% Zr-NCM811
against the pristine sample is smaller than 10 mAh/g at 0.1C but reaches over 20 mAh/g at
the high rate of 5C. 0.5% Zr-NCM811 possesses the second-best performance, slightly
worse than the 1% Zr one through all C-rates. For 2% Zr-NCM811, 180 mAh/g is achieved
at 0.1C, which is similar to that of NCM811. However, its capacity quickly degrades to
130 mAh/g during 1C cycles, approximately 20 mAh/g lower than that of the raw
NCM811. The poor performance of 2% Zr-NCM811 may be linked to the excessive
inactive lithium zirconates identified by XRD and EDS. Similar adverse effects of
impurities have been widely reported in doping and coating studies. 163, 171, 221
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Figure 4.5 EDS mappings of NCM811s of different Zr concentrations.
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Figure 4.6 (a) Rate performance of NCM811s with different Zr concentrations. (b)
Discharging curves at different C-rates of raw NCM811 and 1% Zr-NCM811.
Following the rate capability results, 1% Zr-NCM811 is further investigated along
with the raw NCM811. Figure 4.7 shows their cycling performance at 0.2 and 2C. At the
first cycle of 0.2C, the pristine and 1% Zr-modified NCM811 have comparable
performance, delivering discharging capacities of 184.0 and 183.8 mAh/g with the
coulombic efficiencies (CE) of 78.5 and 78.7%, respectively. The capacity of 1% ZrNCM811 then increases to 184.7 mAh/g due to an activation process. Such activation
phenomenon has been reported in the doping and coating studies regarding to the layered
NCM positive electrode materials.180, 222-223 After about 10 cycles, the CE increases to
approximate 100% for each sample. After 60 cycles, 1% Zr-NCM811 retains 84.2% of its
initial capacity in contrast to 80.0% of the raw NCM811. Evidently, the CE of the raw
NCM811 is higher than the 1% Zr sample, which is over 100% after 5 cycles. It suggests
that more side reactions take place for the raw NCM811 than that with 1% Zr.224-225 2C
cycling starts after two activation cycles at 0.2C. The discharge capacities of the first cycle
for 2C discharging are 163.0, 159.0 mAh/g for the raw, and 1% Zr-modified NCM811,
respectively. Each sample deliveries an approximate 99% coulombic efficiency. The
capacity retention of 1% Zr-NCM811 is 84.3% after 60 cycles, which is 15.1% higher than
that of the raw sample. Interestingly, the capacity retention of 1% Zr-NCM811 at 2C is as
good as that at 0.2C. In contrast, the raw NCM811 fades faster at high rates. Furthermore,
the average voltage plotted in Figure 4.8 follows a similar trend, where Zr modification
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effectively slows down the voltage decay, especially during high-rate cycling. The EIS
results shown in Figure 4.9 illustrate that 1% Zr-NCM811 cell maintains a lower RSEI than
raw NCM811 after 30 and 60 cycles at 1C, which matches well with the better cycling
performance of 1% Zr-NCM811.

Figure 4.7 Discharge capacity and Coulombic efficiency versus cycle number of raw
NCM811 and 1% Zr-NCM811 at (a) 0.2 and (b) 2C.

Figure 4.8 Discharging curves of raw NCM811 and 1% Zr-NCM811 at (a) 0.2C and (b)
2C; (c) the corresponding voltage degradation.
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Figure 4.9 (a) EIS results of raw and 1% Zr-modified NCM811 cells at different stage of
1C cycling, (b) the interpreted RSEI (lower plot) and Rct (upper plot) by (c) the equivalent
circuit: 𝑅𝑒𝑙𝑒 is mainly related to the electrolyte solution resistance. Two semicircles can
be associated, from high frequency to low frequency, with the resistance of solidelectrolyte interphase (𝑅𝑆𝐸𝐼 ) and the charge-transfer resistance (𝑅𝑐𝑡 ), respectively.
The mechanisms responsible for the better capacity retention and high-rate
capability of 1% Zr-NCM811 relative to the raw sample were explored in detail by several
characterization techniques. Figure 4.10 shows the refinement results of the HRXRD
patterns for both samples, and Table 4.1 lists the lattice parameters. 1% Zr-NCM811 shows
a volume expansion, which agrees with the peak shift shown in Figure 4.2b–c, most likely
due to the elongation along c-axis induced by Zr incorporation,174-175, 178 while the lattice
parameters show little change in the a- and b-axis. The increment along the c-axis enlarges
the space between cation and oxygen slabs, herein reduces the energy barrier for Li-ion
migration within the Li layer, and benefits Li-ion diffusion.9, 180 The refinement result also
indicates that Zr ions occupy 0.57% TM sites in the lattice of 1% Zr-NCM811. Thus, 57%
of Zr ions reside in the layered structure and the rest form Li-rich zirconates on the surface
of particles.
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Figure 4.10 HRXRD patterns of raw NCM811 and 1% Zr-NCM811 with refinement.
Table 4.1 Lattice parameters of raw NCM811 and 1% Zr-NCM811.
a/Å

b/Å

0% Zr

2.8745

2.8745

1% Zr

2.8744

2.8744

c/3a

Ni/Li
(3c)

Zr
Occ.

Rp

Chi2

14.2106 101.689

1.648

2.1%

0%

9.7%

6.070

14.2167 101.723

1.649

1.8%

0.57%

9.6%

7.178

c/Å

Vol./Å3

Under TEM, I studied elemental distribution using EDS in the central and marginal
regions of the electrode particles, as shown in Figure 4.11. The atomic ratio of transition
metals is shown in the table inserted in Figure 4.11c. For the raw NCM811, the atomic
ratio of three TM elements does not change for the four detected areas. It suggests that Ni,
Co, and Mn distribute uniformly through the whole particle. For the 1% Zr modified
sample, however, region B shows Zr enrichment, while no Zr trace appears in the other
three regions. The observation agrees with the EDS mapping results shown in Figure 4.5.
I then moved to the edge of the raw NCM811 and the Zr-rich region of the modified sample,
where high-magnification images were collected. For the raw NCM811, the fringes of
layered lattice are revealed from the center to the edge (Figure 4.11b), suggesting a well45

crystallized NCM811 particle. In contrast, I found a coating layer present on the Zr-rich
surface of 1% Zr particle, where crystalline and amorphous lithium zirconates coexist, as
shown in Figure 4.11d. Such partial-coating configuration can protect the active material
underneath and improve Li-ion diffusion in the vicinity, as reported in Li2ZrO3-coating
studies.184-185 Combining the results of XRD refinement and TEM/EDS, I further confirm
the dual functions of Zr modification, in that Zr can function as dopants to expand the
lattice and form lithium zirconates coating on the electrode particles.

Figure 4.11 TEM images and EDS results of (a, b) raw NCM811 and (c, d) 1% ZrNCM811.
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Figure 4.12 XPS spectra (Ni 2p3/2) of raw NCM811 and 1% Zr-NCM811 for (a) as-made
and (b) 0.5C cycled electrode disks.
In order to investigate the chemical variation of electrode particles during cycling,
I compared the XPS spectra of the as-made and cycled electrodes for both samples. The
major difference lies in Ni 2p signals shown in Figure 4.12. The as-made raw and the Zrmodified samples show almost identical spectra, where the dash lines mark the peaks at
854.2 and 855.8 eV for the respective Ni2+ and Ni3+.133,

210, 226

Clearly, Ni3+ is the

predominant Ni ions in the as-made electrodes, which is consistent with previous
reports,133,

155

but the chemical states of transition metals do not change with Zr

incorporation. After being cycled at 0.5C for 60 cycles (Figure 4.12b), a peak at 858.8 eV
rises significantly in each sample and it can be assigned to NiF 2 produced from side
reactions during cycling.170, 227 In addition, the proportion of Ni2+ increases in each sample.
More interestingly, the raw NCM811 possesses more Ni2+ than that in 1% Zr-NCM811.
The appearance of Ni2+ can be linked to the irreversible phase changes, that is, layered
structure converts to spinel and/or rock-salt phase, and concomitant side reactions, which
are considered as the main factors for the capacity degradation. 18, 228 Accordingly, the XPS
results show that 1% Zr-NCM811 is more stable during electrochemical cycling, and thus
has a better capacity retention than the raw sample.
Using CV measurements, I further compare the stability of the raw and the Zr
modified NCM811 electrodes. Figure 4.13a plots the CV curves at specific cycle numbers.
Three pairs of anodic and cathodic peaks locate at around 3.8, 4.0, and 4.2 V correspond
to the phase transition of hexagonal (H1) to monoclinic (M), monoclinic (M) to hexagonal
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(H2), and hexagonal (H2) to hexagonal (H3), respectively. 11 According to the CV curves
shown in Figure 4.13a, the features of the M-H2 and H2-H3 peaks retain better for 1% ZrNCM811 than the raw. Additionally, Figure 4.13b demonstrates the evolution of the
potential gap between the major anodic and cathodic peaks (H1-M) for the two samples.
In an electrochemistry system, the smaller potential gap implies that a redox reaction is
more reversible.175, 178 For these two samples, the values of 1% Zr-NCM811 are higher
than the raw in the initial five cycles. This phenomenon is consistent with the activation
process discussed in the cycling results. More importantly, the potential gap for 1% ZrNCM811 sample climbs slower than that for raw NCM811, suggesting that the Zr modified
sample shows better retention in redox kinetic and, therefore, superior stability during
cycling, in accordance with the XPS analysis. The superior chemical and electrochemical
stability of 1% Zr-NCM811 are due to the stabilization of the bulk NCM811 by Zr doping
and the formation of lithium zirconates on the surface of the NCM811 particles. As
Schipper et al. reported, the doped Zr4+ can stabilize the layered lattice by hindering the
phase transformation from layered to spinel.175, 182 In addition, the partially coated lithium
zirconates will not participate in the redox reaction during lithiation and delithiation, but
protect the active material underneath from dissolution and side reactions, which has been
reported in several coating studies of NCMs.123, 184, 223 However, I believe that the Zr4+
doping contributes more to improving NCM811’s stability than the Li-rich zirconate
coating, because more Zr ions reside in the layered lattice and the coating coverage is lower
than those reported in literature.182, 184
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Figure 4.13 (a) CV curves and (b) anodic/cathodic peak position and the potential gap
values versus cycle number of raw NCM811 and 1% Zr-NCM811.
I performed DC polarization to investigate the Li-ion diffusion behavior of the balk
NCM materials. Driven by a DC current, Li-ions sluggishly pass through the NCM and LiI
pellet and insert into Li–Al alloy, meanwhile the polarization voltage is monitored.
According to the equilibrium potential and the duration to reach such state, I am able to
extract the diffusivity of Li-ion.229-230 However, in a material such as NCM, where
electronic conductivity dominates, and the time for polarization of Li-ion to reach the
equilibrium state is usually beyond the instrument’s capability. Herein, I apply formula 4.1
to estimate the equilibrium potential (𝑈𝑖𝑜𝑛 ), where 𝑖𝑝 is the bias current, 𝐿 the thickness of
sample, 𝜎 the total conductivity, 𝜎𝑒𝑙 the electronic conductivity, 𝜎𝑖𝑜𝑛 the ionic conductivity,
𝑡 the time, and 𝜏 𝛿 the relaxation time for the polarization process. Figure 4.14a displays
the measured data and fitting results. I replot the data with 𝑙𝑛|𝑈 − 𝑈∞ | versus time, as
shown in Figure 4.14b, and calculate Li-ion diffusion coefficient, 𝐷𝐿𝑖 , using formula 4.2
by fitting the linear parts. 𝐷𝐿𝑖 of 1% Zr-NCM811 is 4.23×10-8 cm2/s, more than three times
higher than 1.26×10-8 cm2/s of raw NCM811. Thus, the improvement in high rate
performance of 1% Zr-NCM811 is likely caused by its enhanced Li-ion diffusivity.
𝑈𝑖𝑜𝑛 = [(𝑖𝑝 𝐿)/𝜎] + (

𝜎𝑒𝑙 𝑖𝑝 𝐿
𝑡
)[
] {1 − (8⁄𝜋 2 )𝑒𝑥𝑝 [− ( 𝛿 )]}
𝜎 𝜎𝑖𝑜𝑛
𝜏
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(4.1)

𝐿2 1
𝜏 = ( 2)
𝜋 𝐷𝐿𝑖
𝛿

(4.2)

Figure 4.14 (a) Time dependent of DC polarization voltage obtained from the electronblocking cell fitted by formula 4.1. (b) Polarization results fitted by formula 4.2.

Figure 4.15 (a) GITT curves of a discharging process. (b) Li-ion diffusion coefficient
versus state of charge calculated by formula 4.3.
Galvanostatic intermittent titration technique (GITT) was applied on coin cells to
study the Li-ion diffusivity. The titration and rest duration was 12 min and 2 h, respectively,
while the current loading was 0.1C. After four charging/discharging cycles at 0.1C, I
charged the cell and then performed GITT during the following discharging process, as
shown in Figure 4.15a, where the inserted image elaborates one typical titration/rest cycle
and the parameters one can extract. Based on formula 4.3,180, 228 where 𝑚𝐵 is the mass of
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active material, 𝑀𝐵 the molar mass of active material, 𝑉𝑚 the active material’s molar
volume, and 𝑆 the electrode area, I collect the Li-ion diffusion coefficients at the different
states of charge for the raw and 1% Zr-NCM811 in Figure 4.15b. Both cells show similar
Li-ion diffusivities at the high states of charge. In addition, I notice that 𝐷𝐿𝑖 generally
increases for both cells with deepening delithiation. This is due to the reduced energy
barrier for Li-ion diffusion when Li layers are less occupied, as evidenced by
computational and experimental studies.180,

228-230

However, the Zr-modified sample

apparently shows higher values of 𝐷𝐿𝑖 at the low potential region. It agrees with the result
acquired from DC polarization measurement on the as-synthesized materials. The
improvement on the Li-ion diffusivity of 1% Zr-NCM811 can be attributed to both Zr
doping effect and the formation of Li-conductive lithium zirconates.
4 𝑚𝐵 𝑉𝑀 2 ∆𝐸𝑆 2
𝐷𝐿𝑖 =
(
) (
)
𝜋𝜏 𝑀𝐵 𝑆
∆𝐸𝜏

(4.3)

I note that 𝐷𝐿𝑖 acquired via the DC approach is about one order of magnitude higher
than that from GITT. The difference may be linked to the different configurations adopted.
GITT measures a coin cell containing the electrode made from the NCM samples, the
counter electrode of Li metal, and the organic liquid electrolyte. In such a complex
configuration, the data acquired is affected by many transport processes occurring in not
only the positive electrode material but also liquid electrolyte in the porous electrode
material. In contrast, the DC technique measures the Li diffusivity in the bulk material, and
thus represents the material’s property more accurately.

4.4

Summary
I examined the effects of Zr modification on the cycling stability and high rate

performance of NCM811. I systematically analyzed the phase, crystal structure, and
morphology of NCM811s with 0 (raw NCM811), 0.5, 1.0, 2.0, and 5.0 at.% Zr
modifications by using multiple characterization tools such as synchrotron HRXRD, TEM,
and EDS. With increasing Zr contents, the layered crystal expands along the c-axis and,
meanwhile, more Zr aggregates on the surface of the electrode particle forming a coating
of lithium zirconates. In the samples with low Zr concentrations, Li-rich phases, such as
Li4ZrO4 and/or Li6Zr2O7, are observed, while Li2ZrO3 only forms in 5% Zr-NCM811.
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Among all the samples, 1% Zr-NCM811 exhibits the best rate capability, delivering
192, 185, 173, 162, 149, 125, and 100 mAh/g at the current rate of 0.1, 0.2, 0.5, 1.0, 2.0,
5.0, and 10C. Furthermore, it is more durable in long-term cycling compared with raw
NCM811, especially at high C-rate. It can retain 15.1% more capacity than the raw after
60 cycles at 2C. The better capacity retention of 1% Zr-NCM811 can be linked to the
improved chemical/electrochemical stability revealed by XPS and CV techniques; and the
enhanced high-rate capability is a consequence of the high Li-ion diffusivity in the bulk
material revealed by DC polarization.
The improved stability of 1% Zr-NCM811 may be attributed to the dual effects of
Zr modification. (1) Zr4+ in the lattice can stabilize the layered structure of NCM811 by
suppressing the layered-spinel phase transformation and (2) the coating layer consisting of
the Li-rich lithium zirconates can protect the surface of the electrode particle from Liconsuming side reactions during cycling. I believe (1) is more important than (2) because
there are more Zr ions reside in the layered lattice than in the coating. In addition, both Zr
doping and lithium zirconates can facilitate Li-ion diffusion: (1) The lattice expansion can
reduce the energy barrier for Li-ion migration and (2) Li ion-conducting coating can
accelerate Li-ion transport into and out of NMC811 particles.
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CHAPTER 5. Conclusions and Future Work
In this dissertation, I investigate the effects of transition metals in Ni-rich NCM811
positive electrode material in LIBs from two perspectives: 1) introducing Co nonstoichiometric and 2) substituting Ni, Co, and Mn with Zr. In particular, this dissertation
reports, possibly for the first time, the effects of TM non-stoichiometry and the Li-ion
diffusion behavior in bulk Ni-rich NCM811. The main conclusions are:
(1) Co deficiency can reduce the cation mixing between Ni2+ and Li+, possibly because
′′
′′′
of the electrostatic attraction between 𝑉𝐶𝑜
/𝑉𝐶𝑜
and Ni2+ that increases the energy

barrier for Ni2+ migration. Simultaneously, Co deficiency will introduce O
vacancies to NCM811, especially at and near the surface of the NCM811 particles.
(2) Cobalt-deficient NCM811s show an inferior electrochemical performance
compared with the raw NCM811. I attribute it to the effects of the introduced O
vacancies, which destabilize the surface of NCM811 particles and impede Li-ion
transport, impairing both the cycling durability and rate capability.
(3) Despite the detrimental effect of the Co deficiency on NCM811 positive electrode
material, the 20% cobalt-deficient sample (Co0.08) shows better capacity retention
than the 10% one (Co0.09). The reason is probably that, when the Co deficiency
reaches 20%, the benefit of suppressing cation disordering becomes more
significant than the surface damage caused by O vacancies.
(4) When substituting the three transition metals in NCM811, Zr can simultaneously
reside in the layered lattice and form Li-rich zirconates partially coating on the
surface of NCM811 particles. A single phase Zr-doped NCM811 is unlikely to be
synthesized, even for the 0.5% Zr modified sample, which is the least Zr containing
sample in this study.
(5) The 1% Zr-NCM811 shows the best rate capability among all raw and Zr-modified
NCM811s. Its capacity retention is also higher than the raw sample, especially for
the high C-rate cycles.
(6) The dual effects of Zr modification can stabilize the layered structure of NCM811
and protect the surface of electrode particles during cycling. Furthermore, Zr
modification can facilitate Li-ion diffusion by 1) expanding the layered lattice
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expansion that reduces the energy barrier for Li-ion migration, and 2) forming a Li
ion-conducting coating, which facilitates Li-ion transport during Li-ion
(de)intercalation.
My work discovers a new way to suppress the cation mixing by introducing Co
deficiency in the Ni-rich layered positive electrode materials for LIBs. However, the
mechanism stays unclear. More experimental and computational work, such as neutron
diffraction and DFT modeling, have to be done to study how Co non-stoichiometry
interacts with cation disordering and O defects in the layered structure. In addition to Co,
the effects of Ni and Mn deficiencies can also be investigated. Such studies can help
improve the understanding of the Ni-rich layered structure and may inspire new
modification strategies.
In addition to Zr substitution, several other elemental doping studies have been
reported for the Ni-rich layered positive electrode materials. Several research directions,
not only for Zr but also for other candidate dopants, are promising:
(1) Systematically evaluating the feasibility of the potential doping elements in
positive electrodes for the commercial LIBs, based on the cost of precursors,
ease of synthesis, and environmental risks.
(2) Exploring the synthesis route that incorporates elemental doping with other
modification methods, such as coatings and core-shell structures.
(3) Understanding the effects of doping modification on structure and
electrochemical performance from molecular and atomic levels, which requires
in situ characterizations and MD/DFT calculations.

Copyright © Shuang Gao
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